The bordered pit structure in tracheary elements of 105 Boraginaceae species is studied using scanning electron microscopy to examine the systematic distribution of vestured pits. Forty-three species out of 16 genera show a uniform presence of this feature throughout their secondary xylem. Most vestures are small, unbranched and associated with the outer pit aperture of bordered intervessel pits. The feature is likely to have originated independently in the distantly related subfamilies Boraginoideae (tribe Lithospermeae) and Ehretioideae. The distribution of vestures in Ehretia agrees with recent molecular phylogenies: (1) species with vestured pits characterise the Ehretia I group (incl. Rotula), and (2) species with non-vestured pits belong to the Ehretia II group (incl. Carmona). The occurrence of vestured pits in Hydrolea provides additional support for excluding this genus from Hydrophylloideae, since Hydrolea is the only species of this subfamily with vestured pits. Functional advantages of vestured pits promoting parallel evolution of this conservative feature are suggested. The hydraulic benefits of poorly developed vestures remain underinvestigated.
INTRODUCTION
Vestures are small protuberances from the secondary cell wall, which are mainly associated with the pit chamber of bordered pits in tracheary elements of vessel-bearing plants (Bailey, 1933; Jansen & al., 1998) . In addition, vestures can be observed on the inner wall of vessels and on the rim of perforation plates. Although various authors have described different types of vestures based on scanning electron microscopy (SEM), the presence or absence of this feature appears much more interesting from a systematic point of view than analysing its micromorphological variation (Scurfield & al., 1970; Ohtani & Ishida, 1976; Van Vliet, 1978; Nair & Mohan Ram, 1989; Jansen & al., 1998 Jansen & al., , 2001 . It has been demonstrated that the distribution of vestured pits is consistent with large monophyletic angiosperm clades such as Myrtales, Gentianales, and most Legumes (Herendeen, 2000; Jansen & Smets, 2000; . Accordingly, this character is one of the most interesting wood anatomical characters showing a great phylogenetic significance at higher taxonomic levels such as (sub)families and orders. Depending on the taxonomic group, vestured pits have also proven to be valuable at the genus level, for instance in Phyllanthaceae, Proteaceae, and Solanaceae (Jansen & al., 2001) .
Boraginaceae is a subcosmopolitan family and comprises about 2450 species in 142 genera (Mabberley, 2008) . For a long time, the phylogenetic relationships within Boraginaceae were debated, although five subfamilies were traditionally recognised: Boraginoideae, Cordioideae, Ehretioideae, Heliotropioideae, and Wellstedioideae (e.g., Gürke, 1893; Pilger, 1912; Johnston, 1950 Johnston, , 1951 . Johnston (1950 Johnston ( , 1951 considered the Cordioideae and Ehretioideae as more "primitive" and Boraginoideae and Heliotropioideae as more "derived" based on morphological data. Molecular phylogenies, however, revealed a completely different evolutionary scenario. These studies showed a newly circumscribed family Boraginaceae, including the Hydrophyllaceae and the parasitic Lennoaceae (APG, 1998 (APG, , 2003 Ferguson, 1999; Langström & Chase, 2002; Luebert & Wen, 2008) . The family remains unplaced at the base of the asterid I (APG, 1998 (APG, , 2003 . hypothesized that the subfamily Boraginoideae is sister to five remaining subfamilies. Among these subfamilies, Hydrophylloideae is basal, followed by Heliotropoideae and Cordioideae, which is sister to Lennoideae and Ehretioideae (Fig. 1A) . The position of Wellstedioideae remains uncertain since it has never been included in a molecular phylogeny. It has been suggested to be linked to Boraginoideae, although this needs to be confirmed (Stevens, 2001-) . The position of Boraginoideae as sister to the rest of the family is well supported in other studies (Ferguson, 1999; Langström & Chase, 2002; Moore & Jansen, 2006; Luebert & Wen, 2008) . However, although primary woody borages (Heliotropoideae, Cordioideae, Lennoideae, Ehretioideae) form a monophyletic group characterized by a hard and multilayered endocarp, the relationships between the other subfamilies remain unclear (e.g., Ferguson, 1999; Langström & Chase, 2002; Moore & Jansen, 2006; Luebert & Wen, 2008) . Furthermore, much more work needs to be done to clarify the generic boundaries of several taxa (e.g., Miller, 2003; Craven, 2005; Retief & Van Wyk, 2005) .
Despite the proven phylogenetic significance of vestured pits in various angiosperm clades, their distribution in Boraginaceae is unclear due to (1) the fragmentary screening of this feature in Boraginaceae (Table 1) , and (2) the problematic intrafamily relationships. The objective of this study is to provide a detailed survey of the distribution of vestured pits in Boraginaceae and to evaluate the phylogenetic importance of this character based on current phylogenetic insights.
MATERIALS AND METHODS
Wood samples from 105 specimens were collected from the wood collections of Tervuren (Tw), Utrecht (Uw), Madison (MADw), The Smithsonian Institution (USw) and from the herbarium of National Botanical Garden of Belgium (BR). The species selected represent all major groups according to recent molecular phylogenies (APG, 1998 (APG, , 2003 . Species of the former Lennoaceae, however, were not included due to lack of material. The species investigated are listed in Table S1 in the Electronic Supplement to this article with reference to their origin and collectors.
Small blocks (± 3 mm 2 ) were cut with a razor blade, cleaned with household bleach to remove particles in the pit chamber that could be interpreted as "pseudo-vestures" (Exley & al., 1974; Gale, 1982) and attached to stubs using electronconductive carbon paste. The samples were sputter coated for 3 min with gold (Spi-Supplies, West Chester, Pennsylvania, U.S.A.). Observations were carried out using a Jeol JSM 6360 SEM (Jeol Ltd., Tokyo, Japan) at 15 kV. Measurements were carried out on SEM images using ImageJ (http://rsbweb.nih. gov/ij/). All pit dimensions were based on measurements of ten pits.
RESULTS
The presence of vestures was associated with bordered vessel pits in 43 species of the following 16 genera: Alkanna, Amblynotopsis, Antiphytum, Arnebia, Buglossoides, Echium, Ehretia, Hydrolea, Lepidocordia, Lithodora, Lithospermum, Lobostemon, Moltkia, Onosma, Rochefortia, and Rotula (Fig. 2B-I; Table 1; Table S1 in the Electronic Supplement). Vestured pits were not observed in 62 species out of 25 genera ( Fig. 2A , J-O; Tables 1, S1 ). When vestured pits were present, the feature was found in all bordered pits of vessel elements across a wood sample.
Vestured pits were mainly found in species belonging to Boraginoideae and Ehretioideae (Fig. 2C-I ), but are also found in Hydrolea spinosa (Fig. 2B) . No vestures were observed in Wellstedia dinteri (Fig. 2J) , Cordioideae (Fig. 2L) , and Heliotropioideae (Fig. 2K) .
Most vestures were observed as rudimentary, unbranched or weakly branched structures near the outer pit aperture. In general, the vestures pointed into the pit chamber ( Fig. 2G-H) or towards the pit aperture (Fig. 2C, I ). In some Ehretia species, the vestures formed a dense, compact network obstructing the pit aperture or almost completely filling up the pit chamber ( Fig. 2G-H) . In most species with vestured vessel pits, vestures were also noticed in bordered pits of tracheids and fibre-tracheids (Table S1 ). Vestures in these imperforate tracheary elements were always small and unbranched. The mean height of vestures varied from 0.27 μm in Amblynotopsis linifolia (M. Martens & Galeotti) Brand to 0.82 μm in Buglossoides arvensis (L.) I.M. Johnst., with a maximum of 1.32 μm in Lithospermum afromontanum Weim. The mean thickness varied from 0.21 μm in Ehretia amoena Klotzsch to 0.70 μm in Echium boissieri Steud. The average pit size or mean horizontal diameter of vessel pits varied from 2.67 μm in Rochefortia acanthophora Griseb. to 7.09 μm in Anchusa arvensis Tausch. The pit size was tested to be significantly smaller in species with vestured pits than in species with non-vestured pits (P = 0.0073). There was no significant difference between species with and without vestures with respect to the horizontal and vertical diameter of the pit aperture.
DISCUSSION
The intrafamily distribution of species with vestured pits is restricted to the distantly related Boraginoideae and Ehretioideae (Fig. 1B-D) (Ferguson, 1999; Langström & Chase, 2002; Moore & Jansen, 2006; Luebert & Wen, 2008) . The potential link between Wellstedioideae and Boraginoideae cannot be contradicted, but the absence of vestures in Wellstedioideae does not give extra support for this relationship as well, since most of the subfamilies lack vestures (Stevens, 2001-) . Further reseach is needed to elucidate the correct systematic position of Wellstedioideae in the Boraginaceae.
Within the subfamily Boraginoideae, the species with vestured pits mainly belong to the tribe Lithospermeae (Fig. 1C-D ) (Langström & Chase, 2002; Thomas & al., 2008) . Vestured pits are observed in all Lithospermeae species studied. Our study has revealed that the genus Antiphytum, which has been removed to the newly circumscribed tribe Echiochileae (including only Echiochilon and Antiphytum; Langström & Chase, 2002 , Langström & Oxelman, 2003 , has vestured pits, but we observed non-vestured pits in Echiochilon. Since only a single specimen of Antiphytum and Echiochilon was examined in this study, more comprehensive sampling is needed to explore the inconsistent distribution of vestures in Echiochileae. The remaining Boraginoideae genera with non-vestured pits (Anchusa, Cynoglossum, Nonea, Lappula, Trichodesma) belong to the tribes Boragineae and Cynoglosseae.
When comparing more traditional tribal circumscriptions of Boraginoideae (de Candolle, 1846; Bentham & Hooker, 1873; Baillon, 1888; Gürke 1893; Al-Shehbaz, 1991; Riedl, 1997; Takhtajan, 1997) , it becomes clear that Amsickia and Selkirkia, both lacking vestured pits, were traditionally grouped in Cynoglosseae or in the former Eritrichieae. The genera of Eritrichieae are nowadays included in Cynoglosseae or Echiochileae according to molecular analyses (Langström & Chase, 2002). Likewise, the taxonomic position of Mertensia has frequently been the topic of discussion. This genus was traditionally placed in Lithospermeae or Trignotideae, which are scattered over Cynoglosseae and Echiochileae in the study of Langström & Chase (2002) . The absence of vestured pits in Mertensia, Amsickia, and Selkirkia does not allow us to suggest a position of these genera within either Echiochileae or Cynoglosseae.
The distribution of vestured pits in Ehretioideae is more difficult to explain due to the lack of a well-sampled and robust phylogeny (Fig. 1B) Gottschling, 2003) . Based on phylogenies by and Gottschling (2003) , vestured pits have originated at least once in Ehretioideae, and presumably even twice (Fig. 1B) : (1) in the Lepidocordia-Rochefortia clade, and (2) in the Ehretia clade. The close relationship between Lepidocordia and Rochefortia was suggested for the first time by Gottschling (2003) based on dioecy. The presence of vestured pits in these two genera provides an additional morphological character supporting their sister relationship (Fig. 2E-F) .
The genus Ehretia has been suggested to be split in two clades ; Fig. 1B) . Interestingly, the distribution of vestured pits characterises the group of Ehretia I, including Rotula aquatica Lour. (Fig. 2G-I ), while species with non-vestured pits belong to the clade of Ehretia II (Fig.  2O) , which comprises Carmona retusa (Vahl.) Masam.
Based on our data, vestured pits show at least two independent origins within Boraginaceae: (1) once in Boraginoideae, i.e., Lithospermeae and Echiochileae sensu Langström & Chase (2002) (Fig. 1A) , and (2) once (or twice) in Ehretioideae, depending on the relationships between the Lepidocordia-Rochefortia clade and Ehretia clade in a more resolved Ehtretioideae phylogeny (Fig. 1B) .
The systematic position of the Boraginaceae within asterids is unclear. At the moment Boraginaceae are provisionally placed at the base of the asterids I (APG, 1998 (APG, , 2003 . Molecular data suggest a possible sister relationship either with Lamiales or Solanales (Olmstead & al., 1999 (Olmstead & al., , 2000 Savolainen & al., 2000; Lundberg, 2001) . Since both orders include species with vestured pits, our observations do not provide additional evidence for the taxonomic position of Boraginaceae.
The observations of vestured pits recorded in earlier studies are generally confirmed (Tables 1, S1 ). Miller (1977) reported the presence of vestures in Heliotropium calcicola Fernald, although he questioned this observation based on the inconsistent occurrence of vestures. Our sample of H. calcicola did not show any vestures in vessel pits, suggesting that Miller's (1977) record was an artefact and probably due to extraneous deposits in pit borders. Furthermore, the presence of weakly developed vestures in some Cordia species has been mentioned by various authors (Barajas-Morales, 1981; Gottwald, 1983; Nair & Mohan Ram, 1989 ), but we could not observe vestured pits in any of the Cordia species studied (Fig. 1A, L) . In our opinion, the earlier records in Cordia were due to misinterpretation of pseudo-vestures (see Bailey, 1933; Gale; , Jansen & al., 1998 . On the other hand, the recording of vestures in Pteleocarpa seems justified (Gottwald, 1982) . This genus was shown to be included in Gelsemiaceae (Olmstead & Ferguson, 2001; APG, 2003) , one of the families of the order Gentianales, which is entirely characterized by the uniform presence of vestured pits (Jansen & Smets, 2000) .
The systematic position of Hydrolea within Hydrophylloideae has repeatedly been questioned. Cosner & al. (1994) and APG (1998 APG ( , 2003 suggested considering the genus as a separate family Hydroleaceae within Solanales. The transfer of the vestured Hydrolea from the non-vestured Hydrophylloideae to Solanales was supported by flower morphology data and is further corroborated by our results (Erbar & al., 2005) . In Solanales, vestured pits have been observed in Montiniaceae and Kaliphoraceae, which are closely related to Hydroleaceae, and some Solanaceae (Jansen & al., 2001) .
Ecological data discussing the distribution of vestured pits within angiosperms are summarized by . In general, the highest percentages of species with vestures in vessel pits are found in warm climates with periods of drought, such as tropical seasonal woodlands or deserts, while species with vestured pits are scarce in colder climates. Based on distribution data of the Boraginaceae species studied, species with vestured pits are more abundant in tropical woodlands with a seasonal climate or in subtropical warm temperate climates. Despite our limited sampling and the lack of detailed ecological information on herbarium labels, these findings are in line with the conclusions of . Nevertheless, in addition to understanding the distribution of vestured pits as ecological adaptation to environmental conditions, there are clear phylogenetic influences in the family. For example, many of the non-vestured Cordia species are more tropical in distribution than most of the Lithospermeae species that are characterized by vestured pits (Gottschling & al., 2004; Thomas & al., 2008) .
Differences in horizontal pit diameter between species with and without vestured pits are statistically significant (P = 0.0073), suggesting that vestured pits are smaller than non-vestured pits. The same results were found by Wheeler & al. (2007) by analysing data from the InsideWood database (2004) . Consequently, these results show that vestures are less common in large pits compared with medium-sized, small and minute pits. There is convincing evidence that intervessel pit membranes play a major role in cavitation caused by drought stress (Tyree & Zimmermann, 2002; Choat & al., 2008) . Vestured pits have been suggested to support the pit membrane in a pit pair when deflected by a pressure difference between two neighbouring vessels (Zweypfenning, 1978) . Mechanical support of the pit membrane could prevent tearing or rupturing of the pit membrane. Hence, species with vestured pits have been suggested to show higher air-seeding thresholds than species with non-vestured pits, which implies that species with vestured pits have a higher hydraulic safety and are less vulnerable to drought-induced cavitation (Jansen & al., 2009 ). Experimental evidence for an increased hydraulic safety has been demonstrated for few Legumes (Choat & al., 2004; Jansen & al., 2009) . However, functional advantages of vessel pits that are rudimentarily vestured as in most Boraginaceae are unclear and need further research.
